Cerebral ischemia/reperfusion injury • TGF-β signaling • ALK5 • NOX2 • NOX4 • ROS Abstract Background/Aims: Ischemic stroke is still one of the leading debilitating diseases with high morbidity and mortality. NADPH oxidase (NOX)-derived reactive oxygen species (ROS) play an important role in cerebral ischemia/reperfusion (I/R) injury. However, the mechanism underlying the regulation of ROS generation is still not fully elucidated. This study aims to explore the role of transforming growth beta (TGF-β) signals in ROS generation. Methods: Sprague-Dawley rats were subjected to I/R injury, and PC-12 cells were challenged by hypoxia/reoxygenation (H/R) and/or treated with activin receptor-like kinase (ALK5) inhibitor Sb505124 or siRNA against ALK5. Brain damage was evaluated using neurological scoring, triphenyl tetrazolium chloride staining, hematoxylin and eosin staining, infarct volume measurement, TUNEL staining, and caspase-3 activity measurement. Expression of TGF-β and oxidative stress-related genes was analyzed by real-time polymerase chain reaction and Western blot; NOX activity and ROS level were measured using spectrophotometry and fluorescence microscopy, respectively. Results: I/R contributed to severe brain damage (impaired neurological function, brain infarction, tissue edema, apoptosis), TGF-β signaling activation (upregulation of ALK5, phosphorylation of SMAD2/3) and oxidative stress (upregulation of NOX2/4, rapid release of ROS [oxidative burst]). However, Sb505124 significantly reversed these alterations and protected rats against I/R injury. As in the animal results, H/R also contributed to TGF-β signaling activation and oxidative stress. Likewise, the inhibition of ALK5 or ALK5 knockdown significantly reversed these alterations in PC-12 cells. Other than ALK5 knockdown, ALK5 inhibition had no effect
Introduction
Ischemic stroke is still one of the most devastating neurological diseases with high morbidity and mortality [1, 2] . Blood flow obstruction or insufficient blood supply is the fundamental cause of ischemic stroke, which contribute to reduced cerebral supply of oxygen and glucose, and subsequently triggers a cascade of pathological events such as excitotoxicity, inflammatory response, and oxidative stress, ultimately leading to irreversible neuronal injury [3] . Among these pathophysiological events, oxidative stress is the most common injury that occurs during the process of ischemia/reperfusion (I/R) injury, and has become a major challenge in brain injury treatment [4, 5] . Previous studies have found that the main cause of oxidative stress is accumulation of reactive oxygen species (ROS). Although numerous biological processes are involved in ROS generation, NADPH oxidase (NOX) was demonstrated to be the main enzyme responsible for ROS generation. In mammals, seven NOX family members-Nox1 to Nox5, dual oxidase (Duox)-1, and Duox-2-have been demonstrated in tissues [6, 7] . However, our previous studies found that NOX2 and NOX4 were the major subtypes responsible for brain tissue ROS production in a rat model of ischemic stroke [8] . Presently, many factors have been reported to be involved in the regulation of NOX expression, including transcription factor NF-κB and myosin light chain [9] . However, the detailed mechanism underlying NOX expression regulation is not fully elucidated.
Transforming growth factor β (TGF-β) is a member of a large family of pleiotropic cytokines that are involved in many biological processes, including growth control, differentiation, migration, cell survival, adhesion, and apoptosis [10] . Previous studies have reported that TGF-β signaling is involved in tumor suppression [11] and ROS production [12] . Through binding to its receptors (serine/threonine kinases), TGF-β triggers a cascade of events such as ERK signaling pathway activation and mTOR mediated protein synthesis [11] . Furthermore, these processes are usually involved in SMAD2/3 phosphorylation, which is a possible consequence of the action of activin receptor-like kinase 5 (ALK5) [13] . Emerging evidence has demonstrated that TGF-β signaling is crucial in the pathogenesis of several central nervous system (CNS) disorders, such as neurodegenerative disorders [14, 15] . Especially, in brain tissue, increased TGF-β levels were correlated with cerebral ischemic injury [16] . However, very few studies have been conducted to explore the relationship between TGF-β signaling and oxidative stress in ischemic stroke.
To investigate the mechanism of oxidative stress after ischemic stroke, Sprague-Dawley (SD) rats were subjected to I/R injury and PC-12 cells were subjected to H/R injury to mimic ischemic stroke; an ALK5 inhibitor or siRNA against ALK5 were used to observe the role of ALK5 in oxidative stress. We found that oxidative stress after I/R injury was associated with TGF-β signaling activation. To our knowledge, this is the first study to explore the role of TGF-β signaling in NOX-mediated oxidative stress in cerebral I/R injury, and aims to provide novel targets for ischemic stroke therapy.
Materials and Methods

Animal experiment
Male SD rats weighing 250-300g purchased from Hunan SJA Laboratory Animal Co., Ltd. (Hunan, China). Animals were housed for a week to acclimate to the environment. Before experiments, rats were fasted for 24 h with free access to drinking water. The study was performed following the Guide for the Care The rat model of I/R injury was established according to the method previously reported from in our laboratory [15] . Briefly, a 4/0 surgical nylon monofilament with rounded tip was introduced into the left internal carotid artery through the external carotid stump, and advanced 20-21 mm past the carotid bifurcation until a slight resistance was felt. At this point, the intraluminal filament blocked the origin of the middle cerebral artery and occluded all sources of blood flow from the internal carotid artery, anterior cerebral artery, and posterior cerebral artery. The filament was left in place for 2 h and then withdrawn for reperfusion for 24 h. The body temperature of the rat was maintained at approximately 37 °C throughout the procedure. Animals from the sham group underwent the same procedure except that the occluding filament was inserted only 7 mm above the carotid bifurcation.
The animals were randomly allocated to four groups (n = 8 per group): the sham group (underwent surgical procedures without ischemic insult), the I/R group (subjected to 2 h of ischemia followed by 24 h of reperfusion), the Sb505124 intervention group (subjected to I/R with Sb505124 (15 mg/kg)), and the vehicle group (subjected to I/R with saline). At the end of reperfusion, neurological deficit score was assessed first, and then the brain tissue was harvested for infarct volume measurement or other measurements (expression of mRNA or protein).
Cell culture
The PC-12 cell line was purchased from the Committee on Type Culture Collection of Chinese Academy of Sciences of ShangHai. Cells were cultured in DMEM medium supplemented with 10% FBS and penicillin/ streptomycin in 95% air and 5% CO 2 . Cells were subcultured and seeded into 6-and 24-well plates for miRNA mimic and inhibitor functional assays, respectively. Finally, cells were digested with 0.2% trypsinogen and collected for mRNA or protein analysis.
Cell model of H/R
To establish the H/R model, PC-12 cells were subjected to 5 h of hypoxia (N 2 /CO 2 , 95:5) in preconditioned hypoxic medium (serum-free DMEM without glucose and sodium pyruvate, with incubation under hypoxic conditions for 2 h) followed by 20 h of reoxygenation. Hypoxic medium was replaced with fresh medium upon switching to reoxygenation.
Assessment of neurological deficit score and measurement of infarct volume
Neurological scoring was performed to evaluate impaired neurobiological function by using the following 5-point rating scale: 0 = no deficit, 1 = failure to extend the left forepaw, 2 = decreased grip strength of left forepaw, 3 = circling to the left on pulling the tail, 4 = spontaneous circling.
For infarct volume measurement, brains were sectioned into 4 coronal sections of 0.2-0.3 cm thickness. Sections were immersed in 2% 2, 3,5-tripenyltetrazolium chloride (TTC) for 30 min at 37 °C and then scanned into a computer and evaluated with imaging analysis software (Image J, National Institutes of Health, Bethesda, MD). The presence or absence of infarction was determined by examining TTC staining. Infarct volume (cm 3 ) for each section was equal to infarct area (cm 2 ) multiplied by section thickness (0.2 or 0.3 cm). Total infarct volume for each brain was then calculated by summing the infarct volumes of all sections. To minimize the effect of edema on the accuracy of infarct volume measurement, the final infarct volume was corrected by applying the following equation: corrected infarct volume = total infarct volume left hemisphere volume/right hemisphere volume. Here, left hemisphere refers to the non-ischemic hemisphere of the brain while right hemisphere refers to ischemic contralateral side.
Determination of TGF-β1 level
Measurement of TGF-β1 level in brain tissues was performed with a commercial ELISA kit. Briefly, the whole process was conducted as follows: preparing standards and samples, adding prepared standards (50 μL/well) and incubating for 30 min (37 ℃), washing and adding enzyme-labeled reagent (50 μL/well) and incubating for 30min (37 °C), washing and developing, ending development, reading at 450 nm, and calculating the final values.
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ALK5 inhibition or knockdown
To investigate the role of TGF-β signaling in ROS generation, PC-12 cells were treated with ALK5 inhibitor. Briefly, PC-12 cells were seeded into 6-well plates with culture medium containing 10% FBS until 70% confluence, and the cells were then incubated with serum-free culture medium supplemented with 50 nM Sb505124 for 6 h.
To further confirm that ALK5 mediates NOX expression regulation, small interfering RNA (siRNA) against ALK5 was designed and synthesized. Before the intervention experiment, a mix of Lipofectamine ® 2000 and ALK5 siRNA or negative control siRNA were prepared. Then, the mix was added into cell plates for 6 h of transfection according to the manufacturer's instructions.
Finally, cells were collected for mRNA, protein, and other analyses.
Real-time PCR
Real-time PCR was used to analyze ALK5, NOX2, and NOX4 mRNA levels in brain tissue. Total RNA was extracted by using TRIzol reagent (TakaRa Biotechnology Co., Ltd., Dalian, China) and the concentration and purity of RNA was determined spectrophotometrically. Briefly, 200 ng of RNA from each sample was used for reverse transcription by using a transcription Kit (DRR037A; TaKaRa). Real-time PCR was used to quantitatively determine ALK5, NOX2, and NOX4 mRNA expression levels with SYBR Premix Ex Taq (TaKaRa) using the ABI 7300 Real-Time PCR System. PCR primers for ALK5, NOX2, NOX4, and β-actin are shown in Table 1 . Data analysis was performed with the comparative Ct method by using the ABI software. Results were adjusted with the ratio of TGF-β, NOX2, and NOX4 mRNA to β-actin mRNA.
Western blot
Total protein for each sample was extracted using a commercial kit. Briefly, 40 μg protein was used for Western blot analysis as follows: SDS-PAGE (on 10% gel), transfer to polyvinylidene fluoride membrane, incubation with rabbit anti-pSMAD2/3, -NOX2, and -NOX4 primary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) followed by horseradish peroxidase-conjugated secondary antibodies, and determination of band signals using enhanced chemiluminescence (BeyoECL Plus Kit, Amersham Biosciences, Piscataway, NJ) and the Molecular Imager ChemiDoc XRS System (Bio-Rad, Philadelphia, PA). Densitometric analysis was performed with Image J 1.43 (National Institutes of Health). Loading control was normalized to β-actin (Millipore, Billerica, MA).
Measurement of activities of NOX and caspase-3
NOX activity was measured using a commercially available kit (Genmed Pharmaceutical Technology Co., Ltd., Shanghai, China) following the manufacturer's instructions. Briefly, supernatant of cell lysates was incubated with oxidized cytochrome C in a quartz cuvette at 30 °C for 3 min, and then the NOX substrate (NADPH) was added to the reaction mixture and incubated for 15 min. The change in absorbance at 550 nm was monitored by a spectrophotometer. NOX activity was estimated by calculating cytochrome c reduction per min.
The procedure for measurement of caspase-3 activity was carried out with a kit following the manufacturer's instructions (Beyotime, Shanghai, China). In brief, 10 μL of cell lysate was mixed with 90 μL of working solution containing caspase-3 substrate (Ac-DEVD-pNA) and then the mixture was incubated at 37 °C for 60 min. Absorbance was recorded at 405 nm. Enzyme activity was presented as U/g protein and 1 U was defined as the amount of enzyme required to cleave 1.0 nmol of Ac-DEVD-pNA per hour at 37 °C.
Determination of ROS levels
Measurement of intracellular ROS levels was dependent on the fluorescent signal of 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA), a cell-permeable indicator of ROS (Beyotime, Statistical analysis SPSS software (Version 11; SPSS, Inc., Chicago, IL) was used for statistical analysis. Data were expressed as mean ± SEM. Differences in measured values among the multiple groups were analyzed by analysis of variance with Bonferroni's multiple comparison test. One-way analysis of variance was used to compare the data distribution between groups. Differences were considered significant when P < 0.05.
Results
Inhibition of ALK5 alleviated cerebral ischemia/reperfusion injury TGF-β signaling has many biological functions in animals. To explore whether TGF-β signaling plays an important role in cerebral I/R injury, we developed an SD rat model of ischemic stroke and intervened with ALK5 inhibitor Sb505124. We found that rats subjected to I/R injury exhibited significantly impaired neurological function (Fig. 1A ), brain infarction (TTC staining white and infarct volume up to 0.4 cm 3 ) (Fig. 1B and C) , morphological alterations in brain tissue (shrinking and edema) (Fig. 1D) , and apoptosis (positive TUNEL staining and increased caspase-3 activity) ( Fig. 1E and F) . These findings indicated that these rats subjected to I/R injury had sustained obvious brain injury and inactivation of some metabolic enzymes that are essential for proper brain function. However, the ALK5 inhibitor Sb505124 significantly alleviated cerebral ischemia/reperfusion injury, improved neurological function (Fig. 1A) , decreased brain tissue infarct volume (Fig. 1B and C) , inhibited brain tissue morphological alteration (Fig. 1D) , and decreased apoptosis ( Fig. 1E  and F) . These data suggested that ALK5 is involved in and plays an important role in I/R injury.
Inhibition of ALK5 decreased expression of NOX2/4 and ROS generation after cerebral ischemia/reperfusion
Oxidative stress is an important pathophysiological process during I/R injury. To further observe whether TGF-β signaling has any effect on cerebral I/R oxidative stress injury, the expression of NOX2, NOX4 (the main oxidative stress-related enzymes in brain tissue), Fig. 2A-D) , higher total NOX enzyme activity (Fig. 2E) , and increased ROS level (Fig. 2F ) compared with brain tissue in the sham group. However, the ALK5 inhibitor Sb505124 significantly inhibited NOX2 and NOX4 expression (mRNA and protein), decreased total NOX enzyme activity, and reduced ROS level compared with the I/R group ( Fig. 2A-F) . These results suggested an important role for ALK5 in cerebral I/R oxidative stress injury.
Effect of ALK5 inhibition on TGF-β1 level and TGF-β signaling after cerebral ischemia/reperfusion
To investigate the relationship between TGF-β signaling and cerebral I/R injury, TGF-β1 level was determined; ALK5 expression (mRNA and protein), and the phosphorylation of SMAD2/3 were measured. We found that brain tissue with I/R injury had higher TGF-β1 levels (Fig. 3A) . We also found that ALK5 expression (mRNA and protein) and SMAD2/3 phosphorylation significantly increased in tissues subjected to I/R injury compared with the sham group (Fig. 3B-F) . These findings indicate that cerebral I/R injury was associated with activation of TGF-β signaling. Expectedly, ALK5 inhibition with Sb505124 significantly decreased TGF-β1 levels, inhibited ALK5 expression (mRNA and protein), and decreased SMAD2/3 phosphorylation (Fig. 3A-F ). This suggested a key role for TGF-β signaling in cerebral I/R injury and a vital role for ALK5 in TGF-β signaling.
Effect of ALK5 inhibition on TGF-β signaling, NOX2/4 expression and ROS generation in PC-12 cells after H/R
To further investigate the role of TGF-β signaling in oxidative stress injury, PC-12 cells were subjected to H/R injury followed by intervention using ALK5 inhibition with Sb505124. We found that ALK5 (Fig. 4A-B) , NOX2, (Fig. 4A, F-G) , and NOX4 (Fig. 4H-I ) expression (mRNA and protein), SMAD2/3 phosphorylation (Fig.  4C-E) , total NOX enzyme activity (Fig. 4J) , and ROS level (Fig. 4K ) significantly increased (Fig. 4A , F-G) and NOX4 (Fig. 4H-I ) expression (mRNA and protein), SMAD2/3 phosphorylation ( Fig. 4C-E) , total NOX enzyme activity (Fig. 4J) , and ROS level (Fig. 4K) , respectively. However, the ALK5 inhibitor had no effect on ALK5 expression (mRNA and protein) (Fig. 4A-B ). These results indicated that H/R contributed to ROS generation and was associated with increased NOX2/4 expression; however, this process was not involved in increased ALK5 expression but in increased SMAD2/3 phosphorylation.
Effect of ALK5 knockdown on TGF-β signaling, NOX2/4 expression, and ROS generation in PC-12 cells after H/R
We previously demonstrated that H/R contributed to activation of TGF-β signaling and ultimately to the excessive production of ROS. Our next experiments were designed to further investigate the role of TGF-β signaling in oxidative stress. We used siRNA against 
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ALK5 to knockdown ALK5 and observed the effect on PC-12 cells subjected to H/R. We found that siRNA against ALK5 significantly decreased ALK5 expression (mRNA and protein) in cells subjected to H/R, but cells treated with negative control siRNA showed no significant effect on ALK5 expression, indicating the effect of ALK5 siRNA knockdown ( Fig. 5A and B) . We also found that ALK5 knockdown significantly decreased pSMAD2/3 phosphorylation (Fig. 5C-E ), NOX2 and NOX4 expression (mRNA and protein) (Fig. 5F-I ), total NOX enzyme activity (Fig. 5J) , and ROS level (Fig. 5K) , as well as caspase-3 activity (Fig. 5L) , compared with H/R. This suggested that ALK5 is a key modulator of TGF-β signaling, which involves in the regulation of expression of the oxidative stress-related genes NOX 2/4.
Discussion
Our results demonstrated that TGF-β signaling is involved in the regulation of NOX2/4 expression in brain tissue subjected to I/R injury. The in vivo results showed that I/R contributed to increased ALK5 and NOX2/4 expression, SMAD2/3 phosphorylation, and ROS level, concomitantly with increasing severity of brain damage. However, treatment with the ALK5 inhibitor significantly reversed these alterations. This suggested a close relationship between TGF-β signaling activation and oxidative stress. Consistent with the animal results, H/R contributed to activation of TGF-β signaling and the occurrence of oxidative stress in PC-12 cells; and ALK5 inhibition or knockdown significantly alleviated the effect of H/R on PC-12 cells. We found that both inhibition and knockdown of ALK5 decreased SMAD2/3 phosphorylation and NOX2/4 expression, but ALK5 inhibitor had no effect on the expression of ALK5. The present study indicated that TGF-β signaling activation exacerbated brain injury and was associated with the regulation of NOX2/4 expression.
Oxidative stress is characterized by the overproduction of ROS, which can induce mitochondrial DNA mutations, damage the mitochondrial respiratory chain, alter membrane permeability, and influence Ca 2+ homeostasis and mitochondrial defense systems. This is a common event in the pathology of neurodegenerative disorders such as Alzheimer's disease, Parkinson's disease, Huntington's disease, amyotrophic lateral sclerosis, and multiple sclerosis, as well as ischemic stroke [6, [17] [18] [19] . Generally, ROS are generated endogenously from molecular oxygen by cellular oxidases, mono-and di-oxygenases of the mitochondrial electron chain transport system, or peroxidases, and are involved in nerve cell damage after I/R injury. The major ROS involved in oxidative stress include superoxide anion, hydrogen peroxide, and hydroxyl radicals [20] . Multiple sources and processes lead to ROS generation in cells, such as NOX, nitric oxide synthase, cytochrome P-450, cyclooxygenase, lipoxygenase, and xanthine oxidase [21, 22] ; however, NOX is considered the primary enzyme responsible for ROS generation. To date, seven subtypes of NOX have been found in rats, namely, NOX1-NOX5, dual oxidase 1 (DUOX1), and DUOX2, but only NOX2 and NOX4 were demonstrated as the major types involved in brain tissue ROS generation. In this study, we found that I/R injury markedly increased the expression of NOX2/4 and the total NOX enzyme activity in brain tissue [5] . Consistently, oxidative burst and increased tissue damage were found after cerebral I/R. In addition, there is considerable evidence, such as NOX inhibitor and knockout studies, demonstrating that NOX2 and NOX4 are the principal NOX isoforms involved in mediating oxidative stress and brain injury following cerebral ischemia [23] . Taken together, the above findings indicate that NOX2 and NOX4 play an important role in cerebral I/R injury.
To date, many studies have implicated various mechanisms in NOX expression regulation, such as transcription factors (NF-κB, AP-1, STAT1/3, and C/EBP), nuclear receptors (PPARα), and epigenetic regulation (histone acetylation and miRNAs) [24] . Nevertheless, the detailed mechanism for NOX expression regulation has not been fully elucidated. Tumor suppressor TGF-β was recently considered an important factor in ROS generation [15, 25] , but its involvement in NOX2/NOX4 expression regulation has not been fully clarified. Recent studies have reported that TGF-β can induce ROS generation and the underlying mechanism is its role in the TGF-β/ALK5/SMAD2/3, MAPK, and JNK signaling pathways [12] . The canonical TGF-β signaling pathway molecules comprise TGF-βs, TGF-β receptors (ALK1, ALK5, etc.), and SMAD1-SMAD8 [13] . Regarding ALK5 for example, TGF-β signaling activation involves in the following processes: TGF-β binding to ALK5 forming a complex with kinase activity, then the activated kinase phosphorylates the downstream substrate SMAD2/3, then with the help of SMAD4, phosphorylated SMAD2/3 translocates into nuclear and promote gene expression [13] . Emerging evidence has demonstrated that TGF-β signaling is crucial in the pathogenesis of several CNS disorders, such as neurodegenerative disorders and ischemic stroke [14, 15] . Previous studies have found that increased TGF-β levels was correlated with cerebral ischemic injury [16] . In this study, we also found that TGF-β signaling was positively correlated with the expression of NOX2/NOX4, as well as ROS generation following cerebral ischemia/reperfusion injury. Thus, we speculated that TGF-β signaling is likely responsible for NOX2/NOX4 expression regulation and ROS generation. This was confirmed in our present study where inhibition of ALK5 decreased the phosphorylation of SMAD2/3, expression of NOX2/NOX4, and the production of ROS in vivo or in vitro. However, Sb505124 (a specific inhibitor of ALK5) had no effect on the expression of ALK5. Unlike the inhibition of ALK5, siRNA knockdown of ALK5 not only significantly decreased the expression of ALK5, but also decreased the phosphorylation of SMAD2/3 and the expression of NOX2/NOX4. This suggested that the TGF-β signaling pathway can be activated independent of the increased expression of ALK5 i.e. in an ALK5 expression-dependent manner. These results suggested that the phosphorylation of SMAD2/3 will result in overexpression of NOX2/NOX4 and oxidative burst.
To our knowledge, excessive ROS causes damage to biological macromolecules such as ALDH2, a mitochondrial enzyme responsible for the oxidation of reactive aldehydes (high toxicity) formed during the process of I/R injury to carboxylic acids (low toxicity) [26] , causing extensive damage to tissues or organs. Thus, it may be inferred that ROS scavenging is a key method for oxidative stress treatment. In fact, previous clinical and experimental data showed that reduced ROS generation inhibited brain damage; for instance, the NOX2 selective inhibitor gp91ds-tat significantly attenuated NOX enzyme activity and was strongly neuroprotective [27] . Many cerebral ischemia studies have found that apocynin, a nonisoform-specific NOX inhibitor, has been shown to reduce superoxide increase, oxidative stress, post-ischemic inflammation, and infarct volume, and improved neurological function in focal cerebral ischemia animal models [28] [29] [30] . Also, NOX2 or NOX4 knockout animals have been demonstrated to have reduced ROS and oxidative stress in the brain after focal cerebral ischemia [29] . These suggested NOX2 and NOX4 as potential targets for antioxidant therapy. In this present study, we found that high expression of NOX2/NOX4 was associated with increased ROS generation and low expression of NOX2/NOX4 was associated with decreased ROS generation, consistent with other research findings. Thus, any influence on the expression of NOX2/NOX4 or the enzyme activity of NOX can be used for ischemic stroke therapy. Because the TGF-β signaling pathway plays an important role in NOX2 and NOX4 expression, it is feasible that oxidative stress can be alleviated via inhibition of TGF-β signaling.
Summarily, this study is the first to explore the relationship between TGF-β signaling and ROS generation, and demonstrated that the underlying mechanism involved is the TGF-β/ALK5/SMAD(2/3)/NOX(2/4) axis, which will enrich the theoretical basis underlying the pathogenesis of cerebral I/R oxidative stress injury and provide experimental evidence. Based on our hypothesis, TGF-β signaling may be a novel target for ischemic stroke antioxidant treatment.
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